Obesity and overweight have become a global problem affecting not only high income countries but also developing countries. According to the World Health Organization (WHO) more than 1 billion adults are overweight and at least 300 million of them are obese. Experimental and clinical studies indicate that there is a relationship between iron metabolism and weight status. Iron deficiency is significantly more prevalent among obese individuals compared to non-obese ones. Adipose tissue produces many pro-inflammatory cytokines (interleukin-1, interleukin-6, tumor necrosis factor-α) and adipokines (leptin, adiponectin, resistin) that influence iron homeostasis. According to recent studies, hepcidin, the main regulator of iron metabolism, can also be synthesized by the adipocytes. Development of iron deficiency among obese and overweight children has potentially harmful effects, which can lead to behavioral and learning problems as well as lowered resistance to infections. For this reason, screening for iron status among children with elevated BMI should be recommended.
Obesity as a global epidemic
Obesity is a medical disorder in which excessive accumulation of body fat may cause serious health problems. Obesity increases the risk of type 2 diabetes, hypertension, heart disease, stroke, dyslipidemia, osteoarthritis, gynecological problems, sleep apnoea and respiratory problems (Kenchaiah et al., 2002; Wannamethee et al., 2005; Reijman et al., 2007) . It is well documented that obese people are more susceptible to suffer some types of cancer, infections and a prolonged time of wound healing after surgery (Olsen et al., 2007; Guo and Dipietro, 2010) .
Within the last three decades obesity has become a complex, chronic health problem. For this reason, the World Health Organization (WHO) consultation formally recognized a worldwide obesity epidemic in 1997 (World Health Organization, 2000; Caballero, 2007) . For many years, obesity was considered a condition associated with high socioeconomic status. Nowadays, obesity and overweight are a problem affecting developing countries such as Mexico, China, Thailand and India (Ji and Working Group on Obesity in China (WGOC) 2007; García- García et al., 2009; Wang et al., 2009) .
According to recent WHO data, more than 1 billion adults are overweight and at least 300 million of them are obese. Moreover, the prevalence of obesity among children and adolescents is increasing at an alarming rate. Data from the National Health and Nutrition Examination Survey (NHANES) revealed that since 1980, the prevalence of obesity among school children and adolescents in the United States has tripled (Ogden et al., 2006; Ogden et al., 2008) .
Epidemiological data show that the percentage of overweight and obese children in Poland is also consistently increasing (Krawczyński et al., 2001) . According to Sadowska and coworkers (2010) , more than 6.67% of children between 4 and 6 years of age are obese, and 11.42% are overweight. According to another study in children between 7 and 10 years of age, 5.4% were diagnosed as obese, and 11.3% as overweight (Białokoz-Kalinowska et al., 2007) . The prevalence of obesity and overweight among Polish adolescents (13-15 years of age) ranged from 2.2-4.5%, and 8.8-11.4%, respectively (Jodkowska et al., 2007) . It is worth mentioning that the eating habits of children impact not only their physical and mental development, but often persists over their entire adult life (Rapacka et al., 2005) . Obese children are at an increased risk of becoming obese adults.
Obesity in adults is measured in terms of a person's body mass index (BMI) which is determined both by weight and height. For adults, the cut-off points used are: BMI < 18.5 indicates that a person is underweight; BMI 18.5-24.9 is the desirable or healthy range; BMI 25-29.9 is classified as overweight; and BMI $ 30 is classified as obese. Because a child's BMI varies with age, different cut-off points are used to define overweight and obese children, depending on sex and age. Nutritional status is usually assessed according to the BMI values referenced by national BMI centile charts. American as well as many European researchers diagnose overweight and obesity in childhood, if the measured BMI value is $ 85 centile (c) or $ 95 c, respectively (Flodmark et al., 2004; Freedman et al., 2009) . Recent study by Kułaga and coworkers conducted on Polish children and adolescents (OLAF, 2010) also defined the same criteria for the diagnosis of obesity and overweight (Kułaga et al., 2010) .
Adipose tissue as an endocrine organ
Adipose tissue is currently recognized as an endocrine organ. It can contribute to the development of an inflammatory process by secreting pro-inflammatory cytokines and adipokines.Adipose tissue produces many cytokines and adipokines such as interleukin-6 (IL-6), interleukin-1β (IL-1β), interleukin-8 (IL-8), tumor necrosis factor alpha (TNF-alpha), leptin, adiponectin, resistin, lipocalin-2, C-reactive protein (CRP), monocyte chemoattractant protein 1 (MCP-1), complement components, plasminogen activator inhibitor-1 (PAI-1). The most important adipokine synthesized by the white adipose tissue is leptin. Leptin consists of 166 amino acids and is a product of the human leptin gene (LEP ) located on chromosome 7q.31.3. (Kershaw and Flier, 2004; Arslan et al., 2010) . Leptin influences food intake through a direct effect on the hypothalamus. Plasma leptin concentrations are highly correlated with BMI (Greenberg and Obin, 2006) . Fat tissue is also a source of many hormones such as estrogens and proteins of the renin-angiotensin system. All these bioactive peptides, secreted from adipose tissue, can act either locally (autocrine/paracrine) or systemically (endocrine) (Kershaw and Flier, 2004; Greenberg and Obin, 2006; Arslan et al., 2010) .
Obesity and iron metabolism
The relationship between obesity and iron deficiency has been investigated mainly in studies with children and adolescents. The results of the first epidemiological studies were published in the early 1960s (Wenzel et al., 1962; Seltzer and Mayer, 1963) . The authors of these studies observed lower serum iron concentration in obese compared with normal weight adolescents (11-19 years of age). Most recent studies have shown similar results. A cross sectional study by Phinas-Hamiel and coworkers (2003), described a greater prevalence of iron deficiency (ID) in overweight and obese children and adolescents from Israel. In this study, ID was defined as iron concentration < 8 μmol/l, and iron deficiency anemia (IDA) was defined as a hemoglobin level below 2 standard deviations (SDS) for age and gender. Subsequently, a large study confirmed those findings where it was demonstrated that overweight children were twice as likely to be iron deficient as normal weight children (Nead et al., 2004) . Another study conducted among 740 school children of Teheran (Iran) also provided interesting results. The prevalence of iron deficiency increased with the subject's BMI (Moayeri et al., 2006) . More recently, Sharma and coworkers (2009) examined 179 children -patients of the Children's Hospital of Eastern Ontario (CHEO), scheduled for minor, planned surgical procedures. Obesity was diagnosed in 16.7% of the subjects. This high BMI group had significantly lower serum iron levels and markedly higher CRP and soluble transferrin receptor levels (sTfR). Serum iron exhibited a significant correlation with both the BMI and CRP. Ferritin concentration, however, was similar in the group of obese as well as normal weight children (Sharma et al., 2009) . A Study also has investigated the association between BMI and iron status in children from transition countries (Morocco and India) (Zimmermann et al., 2008) . According to the study results, higher BMI z-score was a meaningful predictor of a weaker iron status. This observation is consistent with the results of previous studies in children from highly developed countries (Nead et al., 2004) . Richardson and coworkers (2009) conducted a prospective study to answer the question whether low iron status described in obesity is associated with the inflammation process. They evaluated high sensitivity CRP (hs-CRP), iron metabolism parameters (serum iron, ferritin, transferrin saturation) and weight status (BMI) in a group of 107 children and adolescents between 2-19 years of age. The BMI and serum iron were negatively correlated with hs-CRP, after age and gender adjustment. The final conclusion was that chronic inflammation due to obesity results in a low iron status.
There are only a few clinical studies indicating that excess adiposity may negatively affect the iron status in the adult population. Among 406 adult volunteers it was observed that serum iron levels of obese subjects were significantly lower than those of normal weight subjects (Yanoff et al., 2007) . Obese adults, in addition to having lower transferrin saturation and mean corpuscular volume (MCV), also had a significantly higher sTfR. These results indicate that adiposity is associated with an increased risk of iron deficiency among adults. A study conducted in a group of 50 obese (BMI > 30 kg/m2) and 50 non-obese postmenopausal women, found a significantly higher sTfR concentration in obese women. Moreover, positive correlations between BMI and sTfR were detected in obese as well as non-obese women (Lecube et al., 2006) . Lower levels of serum iron and transferrin saturation have been observed in obese adults compared to non-obese matched controls, with fat mass shown to be a significant negative predictor of serum iron concentration (Menzie et al., 2008) . Inverse correlation between serum iron with BMI, waist circumference and fat mass in Hispanic women was also found (Chambers et al., 2006) . It is also well documented that the prevalence of anemia as well as any kind of iron deficiency in patients scheduled for bariatric surgery is higher than in the general population (Yanoff et al., 2007; Menzie et al., 2008; Muńoz et al., 2009) .
The pathomechanism of the hypoferremia of obesity is unclear. Iron deficiency in obese individuals may be a result of low iron intake (e.g. due to an unbalanced diet), reduced iron absorption in the small intestine, and greater iron requirements caused by a larger blood volume. In addition, obesity is associated with a chronic lowgrade inflammation state. For this reason, sequestration of iron through an inflammatory mediated mechanism can be one of the proposed causes of iron deficiency in obesity (Yanoff et al., 2007; Menzie et al., 2008) .
Hepcidin and iron deficiency in obesity
Hepcidin is a recently identified peptide hormone. Human hepcidin gene (HAMP) is located on human chromosome 19q13 and encodes a precursor protein consisting of 84 amino acids. Hepcidin is released into the blood circulation as a peptide containing 20, 22 or 25 amino acids. This protein is synthesized mainly in the liver, but also in the heart, pancreas, kidney, spleen and adipose tissue (Leong and Lönnerdal, 2004) .
Hepcidin is a negative regulator of iron metabolism. It inhibits the absorption of iron in the small intestine and the release of recycled iron from macrophages. Thus, hepcidin affects the amount of iron available for erythropoiesis. There are many different factors that regulate hepcidin gene expression. The synthesis of hepcidin in the liver is increased by inflammation, infection, increased levels of serum iron and transferrin saturation. In contrast, hypoxia, erythropietic activity and mutations in the hepcidin gene (observed in hemochromatosis) decrease its expression (Kośla et al., 2004; Lipiński and Starzyński, 2004; Ganz and Nemeth, 2006) . Interestingly, hepcidin concentrations in the hepatic and adipose tissues correlate with different iron status markers and inflammation indexes. The regulation of hepcidin gene expression and protein synthesis is probably tissue specific.
Hepcidin is an important hormone regulating iron metabolism during inflammation anemia (anemia of chronic disease). Many clinical studies indicate that there is a direct correlation between hepcidin gene expression and some cytokines such as IL-6 and C-reactive protein in obesity. It has been reported that one of the adipokines -leptin, upregulates hepatic hepcidin gene expression. This suggests that increased leptin levels in obese patients could be a contributor to iron deficiency in obesity (Zafon et al., 2010) . It is worth noting that a lower concentration of iron among obese patients might also be potentially related to a greater concentration of adipose hepcidin (Muńoz et al., 2009) .
Experimental and clinical studies indicating the link between hepcidin and anemia of obesity
An experimental study that led to the commencement of a brand new field of investigations regarding iron deficiency anemia and obesity, was published in 2006 by Bekri and coworkers (2006) . The authors of this study demonstrated for the first time, that hepcidin was expressed not only in the liver but also in the adipose tissue and was represented at both mRNA and protein levels. Hepcidin mRNA was higher in the adipose tissue of all obese patients, selected for bariatric surgery. Moreover, HAMP mRNA in the adipose tissue was positively correlated with inflammatory indexes CRP) and BMI. In contrast, HAMP expression in the liver was not related to CRP; however, liver HAMP was positively correlated with serum transferrin saturation. Bekri and coworkers (2006) demonstrated that among obese patients, 68% had a low transferrin saturation ratio and 24% of them had anemia. The authors speculated that iron depletion can regulate hepatic HAMP expression rather than an adipose tissue-derived pool of hepcidin, as the latter was not correlated with trasferrin saturation.
Based on a study conducted on the HuH7 human hepatoma cells, it was demonstrated that leptin directly regulates hepatic hepcidin gene expression through the JAK2/STAT3 signaling pathway. Moreover, this effect was time-and dose-dependent (Chung et al., 2007) .
Del Giudice and coworkers (2009) measured iron metabolism parameters, iron absorption, IL-6, leptin and hepcidin in a group of 60 obese children (BMI > 95 centile), who took part in the weight loss program, and in 50 normal weight controls. They found a significantly lower serum iron and transferrin saturation in obese children compared with normal weight subjects, confirming the link between adiposity and low iron status. Obese children had a significantly higher hepcidin concentration, IL-6 and leptin levels when compared with normal weight controls. It is worth mentioning that serum hepcidin was positively correlated with leptin levels. These data appear to strengthen the hypothesis that obesity, as a low grade inflammation state, stimulates the production of many cytokines and adipokines such as IL-6 and leptin. Leptin can up-regulate hepcidin synthesis by adipocytes. As a result, increased hepcidin levels may lead to poor iron status in obesity, by inhibiting iron absorption and restricting iron bio-availability.
Aeberli and coworkers (2009) also studied hepcidin concentration in parallel with iron intake, iron bioavailability, serum ferritin, sTfR, CRP and leptin in a group of 6-14 year old overweight children, compared with normal weight children. The prevalence of iron deficiency among overweight subjects was significantly higher than in normal weight controls (20% vs 6%). Inflammatory markers (IL-6 and CRP) as well as hepcidin and leptin were significantly elevated in obese children. The authors of this study concluded that iron deficiency in obese children was caused by a hepcidin-mediated reduced iron absorption and/or an increased iron sequestration.
A study published in 2009 supported not only the relationships between prohepcicin (hepcidin prohormone), iron metabolism and obesity, but also their association with glucose metabolism disorders (Fernandez-Real et al., 2009) . Iron deficiency development among obese and overweight children has potentially harmful effects, which can lead to behavioral and learning problems as well as lowered resistance to infections. Due to this, screening for iron status among children with elevated BMI should be recommended.
